1 In order to characterize the roles of tyrosine kinases (TKs) and epidermal growth factor receptor (EGFR) in diabetes-induced vascular dysfunction, we investigated the ability of a chronic administration of genistein, a broad-spectrum inhibitor of TKs and AG1478, a specific inhibitor of EGFR TK activity to modulate the altered vasoreactivity of the perfused mesenteric bed to common vasoconstrictors and vasodilators in streptozotocin (STZ)-induced diabetes in rats.
Introduction
Diabetes mellitus can induce complications such as alterations in the reactivity of blood vessels to vasoactive agents that contributes to cardiovascular dysfunction, including hypertension, atherosclerosis, microangiopathy and congestive heart failure (Garcia et al., 1974; Jarrett, 1989; Brownlee, 2001) . Indeed, diabetics have an almost three times higher mortality from cardiovascular disease (CVD) than in the general population (Garcia et al., 1974; Jarrett, 1989) . Enhanced vascular responsiveness to vasoconstrictors and an attenuated response to vasodilators in diabetic vascular tissues have been reported previously (Oyama et al., 1986; Kamata et al., 1989; Abebe et al., 1990; Mayhan et al., 1999; Makino et al., 2000) , which may arise from increased intracellular calcium levels and/ or exaggerated calcium sensitivity (Abebe et al., 1990; Mayhan et al., 1999) . However, the signalling mechanisms involved in cardiovascular dysfunction in diabetes are not fully understood.
Epidermal growth factor receptor, EGFR (HER1 or erbB1), is a 170 kDa cell-surface bound glycoprotein that belongs to the erbB family of receptor tyrosine kinases, RTKs, (others are erbB2, 3 and 4) (Herbst, 2004) . Upon binding of the appropriate ligand (e.g. epidermal growth factor (EGF) or heparin-binding (HB)-EGF), receptor homo-or heterodimerization results in autophosphorylation of the intracellular tyrosine kinase (TK) activity. The autophosphorylated dimer recruits adaptor proteins to lead to activation of multiple signalling pathways, including the classical cytosolic ras/raf/ mitogen-activated protein kinase (MAPK) pathway (Yarden & Sliwkowski, 2001) . Also, EGFR can be transactivated by G-protein coupled receptors (GPCRs) by several mechanisms including via c-src and by ADAM-12 (a disentegrin and metalloproteinase 12) (Meltrin alpha) or ADAM 10 (Kuzbanian)-mediated shedding of the HB-EGF from its cell surface bound precursor (Asakura et al., 2002; Yan et al., 2002) .
Signalling via RTKs, such as the EGFR and other non-RTKs, have an influence on intracellular calcium levels and have been implicated in the development of pathologies associated with hypertension and diabetes (Patel et al., 1994; Sayed-Ahmed et al., 1996; Muthalif et al., 1998; 2000a, b; Khan et al., 1999; Kassab et al., 2001; Nakajima et al., 2001) . Diabetic rats fed on a diet containing genistein, a broad spectrum inhibitor of TKs including EGFR TK, had normalization of retinal vascular leakage implicating a role for TKs in diabetic retinopathy (Nakajima et al., 2001) . Additionally in diabetes, enhanced levels and/or activity of EGFR have been observed in the gastric mucosa, where it is thought to lead to increased sensitivity of the gastric mucosa to injury (Khan et al., 1999) , and also in the kidney of diabetic animals, where excessive local synthesis and release of EGF may contribute to the interstitial fibrosis found in kidney tubules in diabetic animals (Ziyadeh & Goldfarb, 1991) . We have also previously shown in vascular smooth muscle cells (VSMCs) and experimental models of hypertension that activation of the cPLA 2 (cytosolic phospholipase A 2 )/ cytochrome P-450 (CYP-450)/Ras/Raf/MAPK pathway by angiotensin II (AngII), norepinephrine (NE), or EGF leads, through elevation of intracellular calcium levels and formation of 20-hydroxyeicosatetraenoic acid (20-HETE), to the development of hypertension and related end-organ pathologies (Muthalif et al., 1998; 2000a, b; . However, the contribution of EGFR TK-signalling in the development of diabetesinduced vascular dysfunction is not known. In this study, we have therefore investigated the effect of general inhibition of TKs by genistein or specific inhibition of EGFR TK activity with AG1478 on vasoreactivity to the vasoconstrictors, NE, ET-1 and AngII, and to the vasodilators, carbachol and histamine, in the perfused mesenteric vascular beds of STZinduced diabetic rats.
Methods

Induction of diabetes
Female Wistar rats weighing 200-250 g were used in this study. Diabetes was induced by a single intraperitoneal injection of 55 mg kg À1 body weight streptozotocin (STZ) dissolved in citrate buffer (pH 4.5). Age-matched control rats were injected with the citrate buffer vehicle used to dissolve STZ. Basal glucose levels were determined prior to STZ injection, using an automated blood glucose analyzer (glucometer Elite XL). Blood glucose concentrations were determined 48 h after STZ injection. Rats with a blood glucose concentration above 300 mg dl À1 were declared diabetic.
Eight groups of rats were used in this study. Groups 1-4 were control (nondiabetic)-vehicle treated, control-genistein treated, control-AG1478 treated and control-diadzein treated rats, respectively. Groups 5, 6, 7 and 8 were diabetic-vehicle treated, diabetic-genistein treated, diabetic-AG1478 treated and diabetic-diadzein treated animals, respectively. Treatment with the inhibitors of TKs (1.5 mg kg À1 intraperitoneal alt diem, n ¼ 8) was started on the same day as the induction of diabetes and continued every other day for 4 weeks.
Isolation of the mesenteric vascular bed
The mesenteric beds were isolated carefully and transferred into a Petri dish containing oxygenated Krebs' solution. The mesenteric artery was cannulated, using a polyethylene cannula and the mesenteric bed was placed in a warm waterjacketed chamber at 371C. The preparation was perfused with Krebs' solution (at 371C), oxygenated with 95% oxygen and 5% carbon dioxide, delivered at a constant flow rate of 6 ml min À1 using a multichannel masterflex peristaltic pump. The composition of KH-solution was as follows (mM): NaCl (118.3), KCl (4.7), CaCl 2 (2.5), MgSO 4 (1.2), NaHCO 3 (25), KH 2 PO 4 (1.2) and glucose (11.2). Changes in perfusion pressure, which reflect peripheral resistance, were measured. Perfusion pressure was recorded via a pressure transducer connected to a Lectromed chart recorder. The preparation was always allowed to equilibrate for at least 30 min. A bolus injection of NE (100 nmol) was usually given at the beginning of the experiment as a test for tissue responsiveness.
This investigation conforms to the guidelines for the care and use of laboratory animals published by the US National Institute of Health (NIH Publication No. 85-23, revised 1985) .
Vasoconstriction studies
The vasoconstrictor responses of NE (10, 100 and 1000 nmol), ET-1 (0.01, 0.1 and 1.0 nmol) and AngII (0.1 and 1.0 nmol) were investigated in the perfused mesenteric vascular bed. Following the period of equilibration, successive doses of the agonists NE, ET-1 or AngII were given at regular intervals to establish the vasoconstrictor responses (mmHg).
Vasodilation studies
The vasodilator responses of carbachol, histamine and sodium nitroprusside (SNP) were investigated in the perfused mesenteric vascular bed. Following the period of equilibration, the perfused mesenteric bed was constricted by perfusion with Krebs' solution containing NE (10 À5 M). After establishing a steady level of precontraction, successive doses of carbachol (1 and 10 nmol), histamine (10 and 100 nmol) or SNP (0.1, 1.0 and 10 nmol) were given at regular intervals. The vasodilator response is expressed as % of the precontraction induced by NE (10 À5 M). It should be noted that the same vascular bed was used to test each vasoconstrictor and vasodilator. The effect of the vasoconstrictors was examined first, except ET-1, followed by the vasodilators. ET-1 was the last agonist to be tested in each experiment.
Effect of acute treatment with AG1478 (10 À5 M) on NE-induced vasoconstrictor response
The effect of acute treatment of the mesenteric vascular bed with AG1478 (10 À5 M) was tested against the vasoconstrictor responses induced by NE. The mesenteric vascular bed from diabetic-control animals was perfused with Krebs' solution containing AG1478 (10 À5 M) for 30 min. Following the period of incubation, the vasoconstrictor responses of NE (10, 100 and 1000 nmol) were investigated.
Western blotting analysis for phosphorylated EGFR
Rat mesenteric vascular beds were removed and stored at À801C. The mesenteric beds were allowed to defrost on ice then transferred to lysis buffer (pH 7.6) containing 50 mM Tris-base, 5 mM EGTA, 150 mM NaCl, 1% Triton 100, 2 mM Na 3 VO 4 , 50mM NaF, 1 mM PMSF, 20 mM phenylarsine, 10 mM sodium molybdate, 10 mg ml À1 leupeptin and 8 mg ml À1 aprotinin), mixed three times with sonicator probe (OMNI, 2000) at speed 2 for 20 s each time. The samples were left to lyse completely by incubation on ice for 30 min. Lysates were centrifuged at 14,000 r.p.m. for 20 min at 41C and supernatants were collected and protein concentration was estimated by BioRad BCA protein assay. Aliquots containing equal amounts of protein were subjected to 8% SDS-PAGE gel electrophoresis (SDS-PAGE) and transferred onto Protran nitrocellulose (Schleicher & Schuell, Dassel, Germany). Membranes were incubated with rabbit Y1068 antiphosphorylated EGFR antibody (Cell Signalling Technology, U.S.A.) and then with donkey anti-rabbit IgG conjugated to horseradish peroxidase (Amersham, U.K.). Immunreactive bands were detected with SuperSignal chemiluminescent substrate (Pierce, U.K.). Densitometry was performed using GS-700 densitometer with molecular analyst software (BioRad, U.K.).
Cell culture of ECV-304 cells
Human ECV-304 cells were seeded at a density of 1 million cells in a T75-flask and incubated for 24 h in serum-free medium, after which the media was aspirated and cells were washed three times with phosphate-buffered saline (PBS). For control normal glucose conditions, cells were then grown in serum-free media containing 5.5 mM D-glucose or for high glucose media D-glucose in serum-free medium containing 25.5 mM D-glucose for varying time points. Cells were then lysed after 1, 6 and 24 h of incubation and pEGFR levels determined as described above for tissues.
Drugs
(7) Norepinephrine-bitartrate, STZ, genistein, histamine, endothelin-1, AngII, SNP and carbachol were obtained from Sigma Biochemicals. AG1478 and diadzein were purchased from Tocris Cookson Ltd, U.K.
Statistical analysis
Results were analyzed using Graph pad Prism software. Data are presented as mean7s.e. of 'n' number of experiments. Mean values were compared using analysis of variance followed by post hoc test (Bonferroni) or Student's T-test for Western blot data. The difference was considered to be significant when the P-value was less than 0.05. Unless otherwise stated a single asterisk (*) indicates values significantly different from nondiabetic controls and double asterisk (**) indicates values significantly different from diabetic controls.
Results
Hyperglycemia
Induction of diabetes by STZ resulted in a significant increase in blood glucose concentration. Hyperglycemia persisted in the diabetic animals and was 610724 mg dl À1 at 4 weeks as compared with 8675 mg dl À1 in the nondiabetic control animals. Treatment of the diabetic rats with the TK inhibitors did not affect the level of hyperglycemia. The plasma glucose levels were 538726, 550728 and 532723 mg dl À1 in the diabetic animals treated with genistein, AG1478 or diadzein, respectively.
Vasoconstriction studies
The vasoconstrictor response to NE was significantly augmented in the perfused mesenteric vascular bed from STZdiabetic rats to 8579, 16077 and 17777 mmHg compared to 3977, 106711 and 12476 mmHg in the nondiabetic control rats, at 10, 100 and 1000 nmol, respectively ( Figure 1 ). The potentiated vasopressor activity of NE was significantly (Po0.05) attenuated by 4-week treatment of diabetic rats with the TK inhibitors (genistein and AG1478) ( Figure 1 ). The vasoconstrictor response to NE in the perfused mesenteric bed of genistein-treated animals was 97718 and 119723 mmHg to NE at 100 and 1000 nmol, respectively. Similarly, the vasoconstrictor response to NE in AG1478-treated perfused mesenteric beds from diabetic animals was 91713 and 114711 mmHg at 100 and 1000 nmol, respectively (Figure 1 ).
ET-1 induced vasoconstriction was also significantly (Po0.05) augmented in the perfused mesenteric beds from diabetic rats ( Figure 2 ). ET-1-induced vasoconstriction was 138714 and 19877 mmHg in the mesenteric beds from diabetic rats compared to 75714 and 99 þ 8 mmHg at 0.1 and 1.0 nmol, respectively, to group I nondiabetic controls ( Figure 2 ). Treatment of the diabetic rats with genistein normalized the vasoconstrictor response to ET-1 (0.1 and 1.0 nmol) to 66718 and 157726 mmHg. Similarly, AG1478treatment also produced a significant attenuation of ET-1 induced vasoconstriction (0.1 nmol) to 80725 mmHg ( Figure 2) . A relatively modest vasoconstrictor response to Ang II (0.1 and 1.0 nmol) was observed in the perfused mesenteric bed obtained from healthy controls, which was significantly increased in the diabetic state ( Figure 3 ). Treatment of diabetic rats with TK inhibitors (genistein or AG1478) significantly reduced Ang II-induced vasoconstriction to levels similar to those observed in nondiabetic controls (Figure 3) .
Diadzein, the inactive analogue of genistein, did not affect agonist-induced vasoconstrictor responses in the diabetic animals (data not shown). Furthermore, inhibition of TKs or EGFR did not affect agonist-induced vasoconstrictor responses in the control animals.
Vasodilation studies
The vasodilator response to carbachol was significantly reduced in the perfused mesenteric vascular bed from STZdiabetic rats to 4477 and 5976% compared to 7875 and 10076% in the nondiabetic control rats, at 1 and 10 nmol, respectively (Figure 4) . Treatment of the diabetic rats with genistein or AG1478 prevented the diabetes-induced attenuation of carbachol-mediated vasodilation (Figure 4) . The vasodilator responses to carbachol (1 and 10 nmol) were 89717 and 8676% in genistein-treated diabetic rats. Similarly, carbachol-mediated vasodilation in AG1478-treated diabetic rats was 7879% and 92714% at 1 and 10 nmol (Figure 4) .
The vasodilator response to histamine (100 nmol) was significantly reduced in the perfused mesenteric vascular bed from STZ-diabetic rats to 56712% compared to 97712% in the nondiabetic control rats ( Figure 5 ). Treatment of the diabetic rats with genistein or AG1478 prevented the diabetesinduced reduction in histamine-induced vasodilation at some of the tested doses ( Figure 5 ). The vasodilator response to histamine (10 nmol) was 59714% in genistein-treated diabetic rats compared to 1774% in diabetes. Histamine-induced vasodilation (100 nmol) was normalized to a value of 9478% in AG1478-treated diabetic rats ( Figure 5 ).
The vasodilator response to SNP was not significantly affected in the perfused mesenteric vascular bed of the STZdiabetic rats or by any treatments (Figure 6) .
Diadzein, the inactive analogue of genistein, did not affect agonist-induced vasodilator responses in the diabetic animals (data not shown). Furthermore, inhibition of TKs or EGFR did not affect agonist-induced vasodilator responses in the control animals.
Effect of acute treatment with AG1478 (10 À5 M) on NE-induced vasoconstrictor response in isolated mesenteric bed
In the perfused mesenteric vascular bed, the vasoconstrictor response to NE was markedly exaggerated in diabetic animals Carbachol-induced vasodilation (1 and 10 nmol) in the perfused mesenteric vascular bed of control, diabetic, genistein-and AG1478-treated diabetic rats (mean7s.e., n ¼ 8) (*significantly different from control, **significantly different from diabetic).
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I.F. Benter et al EGFR mediates vascular dysfunction in STZ-diabetes compared to control animals (similar to that seen in Figure 1 ). Upon acute treatment of the perfused mesenteric vascular bed from STZ-diabetic rats with AG1478 (10 À5 M), a significant reduction in the vasoconstrictor response to NE was observed (Po0.05) (see Figure 7 ).
Elevation of phosphorylated EGFR in the mesenteric tissue from STZ-diabetic rats
Mesenteric tissue from nondiabetic controls, diabetic animals and those treated with AG1478 or genistein were lysed as in Methods and equal amounts of protein was run on 8% SDS-PAGE gels. Proteins were transferred onto nitrocellulose membranes by electrobloting and probed for activated EGFR using a specific phospho (p)-EGFR rabbit polyclonal (Y1068) antibody. Mesenteric tissue from diabetic animals showed a higher level of p-EGFR 144715% compared to controls that was then reduced by treatment with either AG1478 or genistein to 61729 and 52721%, respectively, compared to control (see Figure 8 ).
The time course of EGFR phosphorylation in conditions of hyperglycemia
To discount any possible contribution of STZ (or the acute inflammatory response associated with STZ-induced diabetes) in elevating mesenteric levels of pEGFR in our animal model, we examined phosphorylation of EGFR in cultured cells grown in high glucose medium (25 mM D-glucose). Human ECV-304 cells grown in high glucose medium for 1or 6 h did not significantly alter EGFR phosphorylation from control levels observed in ECV-304 cells grown in 5.5 mM D-glucose. In contrast, cells incubated with high glucose for 24 h lead to a robust and significant increase in EGFR phosphorylation (Po0.05) (see Figure 9 ).
Discussion
Diabetes mellitus affects the structural and functional integrity of many organ systems including the cardiovasculature. Diabetes-induced abnormalities in vascular function are now well established despite conflicting reports on whether the vascular responsiveness is enhanced or attenuated for a given vasoactive agonist (Head et al., 1987; Bhardwaj & Moore, 1988; Kamata & Hosokawa, 1997; Makino & Kamata, 1998) . However, the underlying mechanisms for the altered vasoreactivity are not well characterized. In the perfused mesenteric vascular bed from STZ-induced diabetic rats used in the present study, we observed an exaggerated response to some vasoconstrictors, Ang II, NE and ET-1, and an attenuated response to some vasodilators, carbachol and histamine. Furthermore, we have demonstrated for the first time that phosphorylated EGFR levels in the mesenteric bed were elevated in diabetes compared to nondiabetic controls. Cell culture studies with human ECV-304 cells grown in high glucose (Figure 9 ) showed that chronic hyperglycemia (B24 h) was required to show a marked (B2-fold) increase in EGFR phosphorylation relative to normo-glycemic controls. This is Effect of (10 À5 M) AG1478 on norepinephrine-induced vasoconstriction (10, 100 and 1000 nmol) in the perfused mesenteric vascular bed of control and diabetic rats (mean7s.e., n ¼ 4).
(*significantly different from diabetic mesenteric bed Po0.05).
I.F. Benter et al EGFR mediates vascular dysfunction in STZ-diabetes
in contrast to EGFR phosphorylation induced upon exogenous addition of EGF ligand to cells that typically occurs within 5 min (e.g. Sturla et al., 2005) . Chronic treatment with AG1478 or genistein led to normalization of phosphorylated EGFR levels (Figure 8) as well as the altered vasoconstrictor ( Figures  1-3 ) and vasodilator responses (Figures 4-6 ) in the perfused mesenteric vascular bed of STZ-diabetic rats implying that EGFR signalling is an important contributor to the development of vascular dysfunction during diabetes. In addition, acute treatment of the mesenteric vascular bed with AG1478 were also able to significantly reduce the exaggerated vasconstrictor response to NE (Figure 7 ), suggesting that short-term treatment with appropriate doses of EGFR inhibitors may be sufficient to correct diabetes-induced vascular dysfunction. Reports in the literature suggest that EGFR is most likely differentially regulated in tissues obtained from diabetic animals. For example, EGFR activity has been reported to be decreased in the liver, placenta and pancreas of diabetic animals (Korc et al., 1984; Sissom et al., 1987; Okamoto et al., 1988) , whereas it is elevated in the gastric mucosa and the kidney tubules (Ziyadeh & Goldfarb, 1991; Khan et al., 1999) . In addition, as many feedback systems may impact on EGFR activity and regulation, there may also be differences in measured EGFR activity and levels as a function of time and severity of disease. Indeed, in the present study, we show that after 4-weeks of STZ-induced diabetes, EGFR phosphorylation was also elevated in the mesenteric vasculature and contributes to the associated vascular dysfunction (Figure 8 ).
EGFR-signalling pathways appear to be important in mediating diabetic nephropathy (Yang et al., 1997) and sensitizing the diabetic gastric mucosa to damaging agents (Khan et al., 1999) . Here we show that EGFR signalling is also important in mediating diabetic vascular dysfunction. However, the precise mechanisms responsible for EGFR pathwayinduced vascular damage in diabetes are not known. It is possible that EGFR-led changes in calcium homeostasis may be important. It is known that EGFR-signalling pathways impact on calcium homeostasis and that abnormalities in calcium homeostasis are responsible for exaggerated vascular reactivity in CVDs such as hypertension and diabetes (Beenen et al., 1995; Makino & Kamata, 1998; Mayhan et al., 1999) . For example, it has been shown that enhanced contractile responses of the diabetic aortas and mesenteric arteries to a 1 -agonists are due to altered levels of intra-and extracellular calcium (Abebe et al., 1990) . Our hypothesis that TKs, including EGFR TK, are involved in mediating vascular dysfunction via modulation of calcium homeostasis that leads to altered responsiveness to vasoconstrictors/vasodilators is consistent with several recent reports. It has been shown in aortic strips that TKs contribute to agonist-induced vascular smooth muscle contraction mediated through increased calcium sensitivity and increased calcium entry (Carter & Kanagy, 2001) . Kawanabe et al. (2003) have also reported that both EGFR phosphorylation and calcium influx appear to have important roles in mediating ET-I-induced arachidonic acid release in VSMC. GPCRs, including angiotensin type 1 and ET-1 receptors, transactivate growth factor receptors including EGFR. It is thought that EGFR transactivation plays an important role in ET-1-induced vascular contraction as blockade of EGFR phosphorylation by AG1478 in the rabbit basilar artery (BA) reduced contraction in BA ring preparations (Kawanabe et al., 2004) . Similarly, transactivation is important for many of the VSMC effects reported for Ang II including proliferation, hypertophy, migration and vasoconstriction (Bokemeyer et al., 2000; Eguchi & Inagami, 2000; Eguchi et al., 2003; Hao et al., 2004) . Clinically, it has been established that angiotensin converting enzyme inhibitors or Ang II receptor blockers can reduce cardiovascular events and renal failure in patients with diabetes, suggesting an important interaction between Ang II and hyperglycemia. Based on the present study, we may speculate that inhibitors of EGFR may have important benefits in diabetes-induced vascular disease by limiting events produced by GPCR-mediated EGFR transactivation.
Functional and anatomical abnormalities of the vascular endothelium are also commonly associated with diabetes (Beckman et al., 2002) . Hyperglycemia results in the impairment of endothelial cell nitric oxide (NO) production possibly by protein kinase C (PKC) activation (Beckman et al., 2002) , and this has recently been shown in human subjects also that leads to leukocyte adhesion to the endothelium through upregulation of cell-surface-specific adhesion molecules that possibly require NF-kB activation (Morigi et al., 1998) . Since PKC is a potentially downstream signalling molecule of EGFR, impaired NO synthesis may be partially responsible for the exaggerated effects of vasoconstrictors and the reduced effects of vasodilators observed in diabetic animals. Further-more, the fact that SNP-mediated vasodilation was unchanged in diabetes from normal animals ( Figure 6 ) implies that the responsiveness of the smooth muscle to NO is unaffected by the disease, at least at the 4-weeks following STZ-induction that was examined in this study.
It has also been shown that diabetes and chronic hyperglycemia induce oxidative stress and increased production of reactive oxygen species (ROS), a possible common element in hyperglycemia induced pathologies that occur via several different mechanisms including via the polyol pathway (for a review see Brownlee, 2001) . There is already some evidence to suggest that EGFR signalling can be activated by ROS. For example, Nishinaka & Yabe-Nishimura (2001) have reported that ROS-mediated elevation of aldose reductase activity, the first enzyme step in the polyol pathway that meatbolizes excess glucose to sorbitol, occurs via an EGFR-MAP kinase pathway. Since our cell culture data (see Figure 9 ) also suggests that chronic hyperglycemia is necessary for increasing EGFR phosphorylation (B2-fold increase after 24 h), it is possible that ROS-mediated mechanism may also be at play in our model systems and requires further study.
In summary, we have shown that treatment with the RTK inhibitors, genistein or AG1478 produced a significant normalization of the altered agonist-induced vasoconstrictor and vasodilator responses in diabetes. These data suggest that EGFR signalling is an essential component in the development of diabetic vascular dysfunction. Hence, potential strategies aimed at inhibiting EGFR may represent promising novel approaches for the treatment of vascular complications in diabetes.
